Introduction
Cdk-cyclin kinases complexes are key regulators of cell cycle progression. Their tightly regulated activation ensure the ordered and proper execution of cell cycle events (DNA replication, mitosis). The ®rst step of this activation process occurs at speci®c points of the cell cycle, when a member of the cyclin family becomes available for binding to a particular cdk (cyclin dependent kinase) catalytic subunit. Second, cdk inhibitory/activatory phosphorylations, some of which are involved in cell cycle checkpoints, control the catalytic activity of the complex. Third, the recently described cyclin kinase inhibitors may brake the cell cycle by interfering with the complex formation and/or by inhibiting the kinase activity. These events ensure waves of activation and inactivation of various cdkcyclin complexes.
All cdk-cyclin complexes are phosphorylated in vivo on a cdk threonine residue (Thr161 in cdk1), which in cdk2 is located in a domain de®ned as the T loop . This phosphorylation event, brought about by CAK (Cdk Activating Kinase), not only confers high kinase activity to the complex, but also strengthens the binding between the cdk and cyclin partners. Although CAK activity is apparently invariant during the cell cycle, and might not be at ®rst sight, a major regulator of CAK activity, the determination of subunit composition of CAK has raised intriguing questions as to how this activity is in turn activated. Indeed, CAK is itself a member of the cdk family. Its catalytic subunit cdk7 forms a complex with two proteins: cyclin H and MAT1 (MeÂ nage aÁ trois), a member of the RING ®nger family (Poon and Hunter, 1995) . The in vitro reconstitution of CAK activity has depicted two activatory pathways. First, stabilization and activation of cdk7-cyclin H heterodimers are dependent on the phosphorylation of threonine 176 (a threonine in the activation domain of cdk7) by a CAK activating kinase (CAKAK) . Second, MAT1 acting as an assembly factor promotes stable association and activation of unphosphorylated cdk7 and cyclin H (Devault et al., 1995; Fisher et al., 1995; Tassan et al., 1995) . Recent data suggest that an auto regulatory loop involving cdc2-cyclin B and cdk2-cyclin A could act as a CAKAK in vitro .
An unexpected ®nding arising from the studies of transcription and DNA repair has also lead to the identi®cation of cdk7 and its associated subunits as the RNA polymerase II C-terminal domain (CTD) kinase component of basal transcription factor TFIIH (Svejstrup et al., 1996) . In budding yeast, the closest homologs of cdk7 and cyclin H are KIN28 and CCL1, respectively (Feaver et al., 1994; Roy et al., 1994) . These proteins were also found to be components of TFIIH and to have CTD kinase activity. In contrast, the Kin28p/Ccl1p complex does not display CAK activity (Cismowski et al., 1995) .
Recently, a new monomeric protein kinase termed CIV1 (CAK in vivo) or CAK1 able to associate to and phosphorylate CDC28/GST-cdk2 was cloned in S. cerevisiae. (Thuret et al., 1996; Kaldis et al., 1996; Espinoza et al., 1996) . It appears, therefore, that in the budding yeast two dierent protein kinases are involved in the regulation of transcription and cell cycle control. These datas challenge the identi®cation of cdk7 as the physiological CAK in higher eukaryotes. In the present work we give strong evidence that cdk7 complexes is the major if not only CAK, at least in the frog early embryo.
Results and discussion
Although the biochemical puri®cation of CAK activity in higher eukaryotes resulted in the identi®cation by dierent groups of only one kinase, the cdk7/cycH/ MAT1 complex, the possibility existed that another kinase might have been lost during preparation of extracts or chromatographic fractionation. We therefore asked what eect a depletion of cdk7 would have on CAK activity in Xenopus extracts. The reason for choosing these extracts is that they can be prepared in such a way that they perform two to three rounds of ordered cell cycle events including DNA replication, chromosome condensation, nuclear envelope breakdown, mitotic spindle formation and chromosome segregation when sperm nuclei are added (Holloway et al., 1993 and references herein) . Hence, they must contain the relevant CAK activity necessary for the accomplishment of these physiological events. Depletion was carried out using a polyclonal antibody directed against the last 16 C-terminal amino acids of Xenopus cdk7. As shown in Figure 1a , this antibody depleted extracts of more than 95% of cdk7. In control experiments, we veri®ed that this treatment did not change cdc2 levels in the extract (not shown). Eect of cdk7 depletion on CAK activity was quanti®ed by an indirect assay. Recombinant cyclin A was added to the depleted extract and its ability to generate H1 histone kinase activity was measured. Cyclin A associates with cdc2 rather than cdk2 in Xenopus egg extracts as they contain a pool of free monomeric cdc2, whilst cdk2, which is present in amounts tenfold lower than cdc2, is mostly if not entirely bound to cyclin E and not available for binding cyclin A (Strausfeld et al., 1994; Jackson et al., 1995) . We found that the depletion of cdk7 drastically reduced CAK activity to background levels ( Figure 1b) . We also veri®ed that the materials immunoprecipitated by the anti-cdk7 antibodies contained signi®cant amounts of CAK activity ( Figure 1c ). It is well established that assembly of complexes between mitotic cyclins and cdc2, as well as their activation through phosphorylation of threonine 161 in cdc2, are both required to drive extracts prepared from Xenopus eggs into mitosis (Murray and Kirschner, 1989; Solomon et al., 1990 Solomon et al., , 1992 . Though cdk7-depletion resulted in an extract with very low if any ability to activate its endogenous cdc2 kinase, a minor, yet physiologically important CAK could possibly be sucient to drive cell cycle in the absence of cdk7. To address this question, we monitored the faith of sperm chromatin in cdk7-depleted extracts. As shown in Figure 2 , control extacts, after performing S-phase, eventually entered M-phase, as revealed by the condensed appearance of the chromatin and the absence of nuclear envelope. In sharp contrast, cdk7-depleted extracts never entered mitosis. They did, however, replicate DNA, due to active cdk2/cycE kinase which is known to be already present in unfertilized eggs and does not need to be activated through phosphorylation of cdk2 in its T-loop for the accomplishment of the ®rst embryonic S-phase (Strausfeld et al., 1994; Jackson et al., 1995) . We emphasize, ®rstly that controls shown in the above experiments were made, using pre-immune serum from the same rabbit as that used to deplete cdk7, secondly that preincubation of the anti-cdk7 serum with 1 mg/ ml of the 16 C-terminal amino acid peptide of Xenopus cdk7 restored both cycling and CAK activity (data not shown). We thus conclude that our cdk7 antibody speci®cally depletes Xenopus cycling extracts of its major physiological CAK. At ®rst sight, no other activity is able to substitute for cdk7 complexes and to drive cycling extracts into mitosis. Although these results are highly suggestive of both the identity between a cdk7-containing complex and CAK and the absence of any other signi®cant CAK activity, we were concerned that materials with CAK activity other than cdk7 could still have been trapped on the beads, perhaps speci®cally attached to cdk7 complexes. This would be reminiscent of the case of CIV1 (CAK in vivo) (Thuret et al., 1996) , which was shown recently to co-purify with CDC28 in the budding yeast. In the same way, an antibody directed against cdc2 was reported to co-immunoprecipitate from DU249 cells an unidenti®ed activity able to phosphorylate cdc2 on threonine 161 (Krek and Niegg, 1992) . To eliminate such a possibility, we wanted to verify that the re-introduction of a pure cdk7 complex could rescue CAK activity from immune-depleted extracts. To produce these cdk7 complexes, we avoided using any exogenous eukaryotic source such as baculovirus infected cells since these could result in active contaminants. Because it was found dicult to produce in E. coli all three cdk7, cyclin H and MAT1 subunits in a soluble active form, we took advantage of the capactity of Xenopus egg extracts to synthesise proteins. Extracts made according to Matthews et al. (1994) were tested for their ability to translate cdk7, cyclin H and MAT1 from in vitro transcribed mRNAs. These extracts were RNAse A-treated so that no endogenous protein could be synthesized de novo. Figure 3a shows that Xenopus cdk7, cyclin H and MAT1 could each be synthesized in these extracts from the corresponding mRNAs (+), in amounts 4 ± 5-fold that of endogenous levels (7).
35
S-methionine labelling experiments also showed that each subunit was synthesized without any detectable contaminant (Figure 3b, lanes 1 ± 3) . When extracts containing each one of the three newly synthesized subunits were mixed together, a heterotrimeric complex could be immunoprecipitated with anti cdk7 antibodies ( Figure  3b , lane 4), as previously described with proteins produced in reticulocyte lysates or in the baculovirus system (Devault et al., 1995; Fisher et al., 1995; Tassan et al., 1995) . Since Xenopus cyclin H and MAT1 are not resolved by SDS ± PAGE, we veri®ed their presence in the complex by introducing them alternatively as unlabelled species (data not shown). We avoided adding all thee mRNAs in the same translation reaction mixture because this was found to result in the production of uneven amounts of each subunits, possibly due to some competition between mRNAs for recruitment into polysomes.
We then asked if the in situ reconstituted cdk7 complex could rescue CAK activity. Extracts immunodepleted of cdk7 were supplemented with mRNAs encoding either cdk7, cyclin H or MAT1. After 2 h of synthesis, these extracts were pooled and incubated further to allow subunit assembly. Cdk7 complexes were then recovered by immunoprecipitation and analysed for CAK activity in depleted extracts. Figure  4a shows that synthesis of all three cdk7 complex subunits generated CAK activity, as revealed by direct phosphorylation of GST-cdk2 (upper panel) and an 3) sera. In lane 3, the extract was then split in three to synthesize cdk7, cyclin H or MAT1 mRNAs and pooled to allow cdk7-complex formation (45 min; see Figure 3 ). In all cases, extracts were ®nally immunoprecipitated with an anti-cdk7 antibody. CAK activities of immunoprecipitated materials were monitored either through phosphorylation of GST-cdk2, or indirectly by measuring H1 histone kinase activity of activated GST-cdk2/cyclinA complexes (see Materials and methods). (b) Extracts were treated with control (lanes 1 and 2) or cdk7-speci®c (lanes 3 and 4) antibodies and complemented (lane 4) or not (lanes 1, 2 and 3) with mRNAs to produce a trimeric cdk7/cyclin H/MAT1 complex, as described above, except that cyclin A was also added (lanes 2, 3 and 4) during the 45 min complex formation period. At the end, all extracts were immunoprecipitated with an anti-cyclin A antibody. Immunoprecipitated materials were analysed for the presence of cdc2 and H1 histone kinase activities cdk7 is the physiological CAK in Xenopus D Fesquet et al indirect H1 histone kinase assay (lower panel). As translation of mRNAs should be allowed for about 2 h to restore CAK activity to its original level, it was not easy to restart cycling in depleted and arrested extracts. However, we veri®ed that these newly synthesized cdk7 complexes could direct the activation of endogenous cdc2 present in the depleted extract (Figure 4b ). Cyclin A was added to the extract during the assembly of the cdk7 trimeric complex, and its ability to form active complexes with cdc2 was monitored. The reason for choosing cyclin A rather than cyclin B was that, in contrast to cyclin B, cyclin A does not bind stably to cdc2 unless cdc2 becomes phosphorylated on threonine 161 (Desai et al., 1995) , and that cyclin A-associated cdc2 escapes inhibition due to inhibitory phosphorylation on threonine 14 and tyrosine 15 (Devault et al., 1992; Clarke et al., 1992) . This allowed us to monitor CAK activity both by the formation of cyclin A/cdc2 complex and the resulting H1 histone kinase activity. As shown by Western blotting, no cdc2 could be immunoprecipitated with cyclin A antibodies in the cdk7-depleted extract (Figure 4b , upper panel, lane 3). However, synthesis of all subunits of the cdk7 trimeric complex rescued assembly of active cyclin A/cdc2 complexes ( Figure 4b , lanes 4). This could be correlated with phosphorylation of cdc2, as revealed by its increase in electrophoretic mobility (not shown).
We also tested the ability of dierent combinations of cdk7, cyclin H and MAT1 to rescue CAK activity. We found that besides the trimeric complex cyclin H/cdk7 dimers could generate CAK activity, although to a lesser extent than that of the trimeric complex. In contrast, no activity was associated with the synthesis of any one single subunit (data not shown). These results are consistent with reconstitution experiments of cdk7 complexes in other systems (Devault et al., 1995; Fisher et al., 1995; Tassan et al., 1995) . The above experiments do not completely rule out the possibility that cdk7 kinase acted as a positive regulator of an unidenti®ed CAK (possibly CAK1/CIV1), not depleted from the extracts, but whose activity would require the continuous presence of cdk7. This is however unlikely, because addition of phosphatase inhibitors, including okadaic acid, during immuno-depletion did not rescue CAK activity, and recombinant yeast Cak1/Civ1 protein readily restored CAK activity even in cdk7-depleted extracts (data not shown). Taken together these experiments show that, at least in the early Xenopus embryo, cdk7-containing complexes are necessary and sucient for active complexes of cdc2 with a mitotic cyclin, and presumably other cyclin-cdk complexes, to be formed thereby allowing cell cycle progression under physiological conditions. It appears, therefore, that in contrast to the situation found in S. cerevisiae, higher eukaryotes use a single kinase, cdk7/cyclin H/MAT1, to execute dierent fundamental cell functions. The function this kinase operates depends probably on its association status: in its free, trimeric form, it would act as a cell cycle activator, whereas as a component of TFIIH, it could modulate transcription and/or DNA repair. Of course, one must consider the possibility of the existence of a CIV1 homolog in higher eukaryotes. However, it has been shown that in S. pombe, a kinase homologous to cdk7/cyclin H, mop1(crk1)/mcs2 has CAK activity (Damagnez et al., 1995; Buck et al., 1995) . Moreover, cdk7 does rescue mutants defective for the catalytic subunit mop1 (crk1). Therefore, this organism, like higher eukaryotes might not need a CIV1 homolog, at least to perform cdk activation. Finally, it seems that CIV1 itself may have more than one function in S. cerevisiae as cak1(civ1) mutant alleles were found to cause a defect in spore wall morphogenesis without aecting the CAK activity needed to progress through meiosis I and II (Wagner et al., 1997) .
Materials and methods

Xenopus egg extracts
Cycling extracts were freshly prepared according to Murray and Kirschner (1989) . Extracts for synthesis of exogenous mRNAs were made according to Matthews' procedure (Matthews, 1994) , including a 0.2 mg/ml RNAseA treatment and frozen at 7708C.
Nuclear assembly/disassembly and DNA replication
Demembranated frog sperm nuclei, prepared as described previously (Lohka and Masui, 1984) , were added (200 ml) were added to cycling extracts. Nuclear formation, nuclear envelope breakdown were followed by observation with ā uorescent microscope, using Hoechst 33342 to stain chromosomes. DNA replication was assayed by measuring the incorporation of radiolabelled 32 P-a-dCTP into DNA (Morin et al., 1994) .
Recombinant proteins and cDNA
Human cyclin A and GST-cdk2 were prepared as described (Devault et al., 1992; Clarke et al., 1992) . mRNAs encoding Xenopus cdk7, cyclin H and MAT1 were in vitro transcribed from their corresponding cDNAs inserted in pSP64T-RI plasmid. Recombinant yeast Civ1 protein was kindly provided by Carl Mann, CEA, France.
Translation in Xenopus laevis extracts
Translation of in vitro transcribed mRNAs in RNAse Atreated Xenopus laevis extracts were made essentially according to Matthews (1994) . Upon thawing, 50 ml aliquots of extracts were supplemented with 1 ml of 500 mM creatine phosphate, 0.5 ml of 100 mM spermidine and 50 mCi [ 35 S]methionine. Translation was initiated by adding mRNA to a ®nal concentration of 0.1 mg/ml and allowed to proceed for 2 h at 218C. In some experiments, before translation, extracts were ®rst treated for immunodepletion.
Immunological methods
Antisera for Xenopus cyclin H and MAT1 and human cyclin A were raised in rabbits against the entire proteins made in E. coli. Antisera speci®c for Xenopus cdc2, cdk2 and cdk7 were prepared against peptides corresponding to their last 16 C-terminal animo acids (Devault et al., 1992; Fesquet et al., 1993) .
For immunodepletion, batches (50 ml) of undiluted Xenopus extract were mixed with 7 ml of protein ASepharose beads preadsorbed with 15 ml of anti-cdk7, cdk2 (Figure 2b ) or pre-immune serum and incubated at 48C for 1 h with gentle shaking. For immunoprecipitation, extracts were ®rst diluted at least 20-fold in RIPA buer (Devault et al., 1992) . Immune sera and protein A-Sepharose beads were added and the mixture incubated for 1 h at 48C. After several washes in the same RIPA buer, the beads were either cdk7 is the physiological CAK in Xenopus D Fesquet et al treated with Laemmli sample buer for gel analysis or submitted to CAK assays.
CAK activities
We assayed either directly the phosphorylation of human GST-cdk2 or indirectly the phosphorylation of H1 histone after addition of GST-cdk2 and human cyclin A. In the former case, immunoprecipitates on protein A beads were incubated for 30 min with shaking in a 20 ml mixture containing 0.2 mg GST-cdk2, 50 mM Tris-HCl pH 7.5, 10 mM MgCl 2 and 5 mCi [ 32 P]g-ATP (90 mCi/mmol). In the latter case, either aliquots of crude extracts (1 to 2 ml) or bead pellets were ®rst incubated in 20 ml of a cocktail containing 0.1 mg GST-cdk2, 0.1 mg cyclin A, 0.33 mM ATP, 10 mM Tris-HCl, pH 7.4, 16.6 mM MgCl 2 . After 30 min at 258C, one volume of a mixture containing 2 mg/ml histone H1 (Boehringer Mannheim), 20 mM HEPES, pH 7.4, 10 mM MgCl 2 and 250 mM [ 32 P]g-ATP (90 mCi/mmol) was added and further incubated for 15 min. All reactions were stopped by adding Laemmli sample buer.
